Abstract. Projects attempting the direct detection of WIMP dark matter share the common problem of eliminating sources of background or using techniques to distinguish background events from true signals. Although experiments such as DarkSide have achieved essentially background free exposures through careful choice of materials and application of efficient veto techniques, there will still be a high burden of proof to convince the greater scientific community when a discovery is claimed. A directional signature in the data would provide extremely strong evidence to distinguish a true WIMP signal from that of an isotropic background. Two-phase argon time projection chambers (TPCs) provide an experimental apparatus which can both be scaled to the ton-scale size required to accommodate the low cross-section expected for WIMP interactions and have an anisotropy that could be exploited to evaluate the polar angles of the resulting nuclear recoils from WIMP collisions with target nuclei. Our studies show that even a modest resolution in the polar angle reconstruction would offer a powerful tool to detect a directional signature. In this contribution, the status of the ReD experiment, which is under construction at Naples University, will be also shown. The aim of the project EPJ Web of Conferences is to assess and enhance the directionality of two-phase argon TPCs. ReD will use a small TPC exposed to a beam of mono-energetic neutrons to study the so called "columnar recombination" in liquid argon. This development could have high impact on the future experiments in the field, opening up the potential to find conclusive evidence for dark matter or disprove the WIMP hypothesis at and above the mass range explored by planned accelerator experiments.
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Introduction
At present, a plausible explanation of the nature of Dark Matter (DM) is that it is constituted by yet undetected Weakly Interacting Massive Particles (WIMPs). Nowadays, it is believed that every visible galaxy is surrounded by a roughly spherical halo of DM, extending far beyond the visible disk. The standard non-directional direct detection, which exploits the elastic scattering of WIMPs on nuclear targets in the detector, is experimentally very challenging in particular in what concerns background rejection. An important additional information that could strengthen the DM signature hypothesis is a possible annual modulation of the interaction rate due to the motion of the Earth around the Sun. Indeed, the solar system orbits around the center of the Galaxy, with a velocity V S G 220 km/s. Earth moves around the Sun with a velocity V ES 30 km/s in an orbit inclined about 60°relative to the disk of the Galaxy. The combination of these motions results in a cosine dependence of the count rate with time. Unfortunately, this modulation is quite small and it is very hard to disentangle from spurious effects, leaving doubts on the authenticity of the few DM observation claims [1] . In addition, numerous radioactive backgrounds are known to exhibit a modulation over the course of the year.
If detectors were able to distinguish the recoil direction of the scattered nucleus after a WIMP interaction, then the signal would have a large and characteristic angular dependence within a sidereal day 1 . Indeed, due to the Earth's rotation around its axis, the detector would face a change in the direction of the WIMP wind and accordingly the angular distribution of the recoil nuclei will vary with time. This modulation in arrival direction produces a much more sizeable and unambiguous signature with respect to a non-directional annual modulation. In principle, assuming the most advantageous experimental conditions, the effect of this modulation can be as large as 100%. The most attractive feature of this kind of modulation is that no known background is correlated with the sidereal period. Actually, a sidereal rate modulation goes out of phase with the solar time, avoiding possible accidental day/night effects which could take place in the laboratory.
Nowadays, a detector capable of measuring the direction of the scattered nucleus has not yet been developed. There are few prototypes [2] of detectors capable of reconstructing the tracks of the recoil nucleus but, since they exploit the usage of rarefied gases, this technology clashes with the necessity of building multi-tonne detectors. For this reason a promising approach is to explore a detector based on the so-called Columnar Recombination (CR) effect on a Noble Liquid [3] , that despite a far from perfect angular resolution can reach large target masses.
A directional LAr TPC
By filling a gap in the literature, the sensitivity of an argon detector to the galactic WIMP directional signal has been studied. In particular, a two-phase Liquid Argon Time Projection Chamber (LAr TPC) has been considered, where recoiling nuclei cause argon excitation and the formation of Ar dimers. ICNFP 2016 Each event is then detected in two ways: the prompt scintillation light, S1, from argon dimers deexcitation, and the signal from free ionization electrons. They drift drift towards the top of the TPC, thanks to an electric field, and are extracted into the argon gas phase, confined in the so-called "gas pocket", close to the top array of photosensors. Accelerated electrons produce a secondary light pulse, S2 (through electroluminescence). A fraction of free electrons, however, recombine with argon ions in the ion-electron cloud produced by the ionizing track itself.
CR models suggest that the magnitude of the recombination effect should vary with the angle between the field and the track direction. Namely, when the ionizing track is parallel to the electric field the electrons have to drift in a "column" of ion-electron pairs produced by the ionizing track, maximizing the recombination probability. When it is perpendicular, the "column" needs to be crossed and the recombination probability is minimized. The net effect of the increased electron-ion recombination is the reduction of the ionization signal (S2), and the consequent enhancing of the primary scintillation pulse (S1). An accurate measurement of these two signals and their combination (the sum S1+S2 and the ratio S1/S2) may provide information on the nuclear track direction and thus on the WIMP directionality. The results shown below were obtained considering an Earth-bound detector, located at Laboratori Nazionali del Gran Sasso (LNGS), with a 20 tonne target mass of argon.
Distribution of observables
In a given reference frame, v i is the the velocity of the incoming WIMP of mass m W , u the velocity of the recoiling nucleus of mass M N , q = M N u and E r = q 2 /(2M N ) the corresponding momentum and energy, respectively. The azimuthal and zenith angles of the recoiling nucleus are φ r and θ r , while cos ϑ =v i ·q is the cosine of the angle between the incoming WIMP direction and the recoiling nucleus.
For a spin-independent interaction with equal couplings for neutrons and protons the WIMPnucleus cross section, σ W−N , can be expressed in terms of WIMP-nucleon cross section, σ n as
where A is the atomic mass and µ N and µ n are the WIMP-nucleus and the WIMP-nucleon reduced masses, respectively. The finite size of the nucleus is taken into account thanks to the standard Helm form-factor, F (q).
In the frame where the target nucleus is at rest, the double differential cross section becomes dependent on cos ϑ; the azimuthal symmetry of the scattering around the WIMP arrival direction gives dΩ = 2π d cos ϑ, thus
Given a normalized velocity distribution for the incoming WIMP, f (v i ), and a WIMP mass density, ρ, the double differential recoil rate per unit mass as a function of the nuclear recoil energy, E r , and of the recoil directionq is
where
is the minimal WIMP velocity that can give momentum q or energy E r to the recoiling nucleus andf (v min ,q) is the 3-dimensional Radon transform of the velocity distribution f (v).
In this work, the Standard Halo Model, i.e. an Isotropic Maxwell-Boltzmann (IMB) WIMP velocity distribution of width σ v in a inertial reference frame at rest with respect to the Galactic center, is assumed. The corresponding Radon transform [4] iŝ
Therefore, if recoils are measured in a Galactic rest frame, V = 0 and the rate is isotropic. On the other hand, when measured in a frame at rest with respect to the Sun, V is the Sun velocity relative to the galactic center, V S G , which points towards the galactic coordinates ( c =90°, b c =0°), roughly in the direction of the Cygnus constellation. It has magnitude V S G ≈ v 0 , where v 0 is the Galactic orbital speed at the Sun position. For an Earth-bound laboratory the velocity V can be decomposed as
where V ES is the Earth velocity relative to the Sun. Given E th and E max the threshold and maximum detector energy, respectively, such that the detector energy range is E th < E r < E max , the direction dependent recoil rate per unit mass is obtained by substituting the Radon transform introduced in Eq. (3) inside Eq. (2) and integrating over the energy range
In general, a CR directional detector should be able to discriminate only between tracks with different inclination relative to the vertical (electric field) direction. For this reason, the only measurable angle is the polar angle θ r , and the azimuthal angle should be integrated out. The relevant recoil rate is
In addition, since a detector based on CR cannot distinguish signals from recoil tracks differing by 180°, i.e. events that differ by 180°are summed together, the relevant rate is the so-called "folded" angular recoil rate
which depends only on | cos θ r |. In this work the results are shown using the reference values m W = 200 GeV, M N = 0.923 A, where A = 39.9 is the argon atomic mass, ρ = 0.3 GeV cm −3 , and the IMB
Rates are shown for a reference cross section σ n = 10 −46 cm 2 , which is of the same magnitude of the most stringent limit set by the LUX collaboration [5] , and for a recoil energies range from E th = 50 keV to E max = 200 keV.
Note that the anisotropy of all rates in Eqs. (4), (5), and (6) depends only on the velocity V. In a given frame, which fixes V, one can choose different coordinate systems, yielding different components for V. The coordinates can be also time dependent. In a frame at rest with respect to the Earth and using Galactic coordinates, V S G is constant and only V ES rotates with the annual periodicity of the Earth revolution. Since V ES is an order of magnitude smaller than V S G , the recoil rate points back to a direction that rotates with an opening angle about one tenth of a radiant and annual periodicity around the V S G direction. In this frame the peaked angular distribution is the main signature of the WIMP signal and allows background reduction. In a coordinate system fixed with a laboratory, the coordinates and, therefore, the apparent direction of V makes an additional rotation with the periodicity of a sidereal day and an amplitude that depends on the latitude. This specific periodicity is a characteristic signature and provides more background suppression. Events 100 tonne day sr Most of our results will be shown for a detector located at the latitude of LNGS in the local coordinate system where the polar axis points in the vertical direction. A reference frame at rest with respect to the Sun is used only to introduce the potentialities of a directional detector, as it has been extensively done in literature [6] .
EPJ Web of Conferences

Recoil spectrum in galactic coordinates
The general potentialities of a directional detector and, more specifically, the signature in the angular recoil rate of the detector motion through the WIMP wind are best illustrated in Galactic coordinates. In this coordinate systemx points from the Sun towards the Galactic center,ŷ in the direction of the Solar motion andẑ towards the Galactic north pole; therefore, V = v 0ŷ . In Fig. 1 it is shown the angular recoil rate of Eq. (4) on a Mollweide equal area projection map in Galactic coordinates. The horizontal axis is the Galactic longitude, 0°< < 360°, and the vertical axis the Galactic latitude, -90°< b < 90°. The recoil rate is clearly anisotropic and points towards coordinates ( =270°, b=0°), opposite to the direction of the Sun motion throughout the Galaxy.
Recoil directional signals at LNGS
In this section, the expected rates of WIMP scattering, Eqs. (4) (5) (6) , is illustrated as a function of cos θ r for different times of an arbitrary chosen day, corresponding to the Summer Solstice (SS). Obviously, there is a strict correlation between the expected signal and the position of the Cygnus in the sky as seen at the LNGS latitude since it corresponds to the main direction of the WIMP wind. During most of the day, the Cygnus constellation is over the horizon, reaching the zenith at ∼4:00 a.m. and setting around 12 hours later, remaining near the horizon just for few hours. Fig. 2 shows on the left the recoil rate, Eq. (5), as a function of cos θ r for different times of the day and the daily average. There is a strong dependence on the time of the day, since the asymmetry is larger when the Cygnus is high in the sky (00:00 ≤ t day [ implies that it is possible to discriminate the WIMP nature of the events against possible backgrounds. Indeed, even the average rate varies considerably since it changes from ∼0.2 events/(100 tonne day) for cos θ r = −1, to ∼0.02 events/(100 tonne day) for cos θ r = 1. In the right panel of Fig. 2 it is shown the "folded" differential recoil rate introduced in Eq. (6), which should be the rate relevant for a CR detector. The angular and time dependences of the rate remain quite strong even without the information on where the track is pointing. At times when the Cygnus is close to the zenith (horizon) the rate is peaked at | cos θ r | ∼ 1 (| cos θ r | ∼ 0).
A realistic CR detector
A realistic CR detector have a finite angular resolution. Here, it is studied how much the angular signature of the signal is reduced assuming to have only a minimal amount of angular information. Events are divided in only two classes. Horizontal events (HOR), defined by | cos θ r | < 0.5 or 60°< θ r <120°, and vertical events (VER=UP+DOWN), defined by | cos θ r | > 0.5, as shown schematically in the left panel of Fig. 3 . From an experimental point of view, ratios of event rates are useful quantities in order to keep the systematic uncertainties budget under control. Thus, the ratio, R, of HOR and VER events is defined, which should be constant and equal to one for an isotropic signal. On the right panel of Fig. 3 the time dependence of this ratio and of the single components is shown. The dashed lines represent the daily variation of the HOR and VER event rates, and their ratio, R, for four equidistant sidereal days. Use of the sidereal day (s.d.) as a unit is convenient because after a s.d. the Cygnus constellation returns exactly in the same position in the sky and the angle between the WIMP wind and the detector axis has the same value. Apart from a small variation in the velocity of the WIMP wind caused by the Earth revolution around the Sun, a similar behaviour of the HOR and VER components during different sidereal days is expected. Therefore it is possible to make the annual averages of the daily rates in order to accumulate statistics. The results are shown in the right panel of Fig. 3 in which the blue (orange) band represents the overall variation registered in the HOR (VER) component among different sidereal days of the year, while the solid curves represent the averages over different sidereal days. Considering the annual mean, the variation of the single component is of the order of 35% (29%), with respect to the average daily value. Moreover, the annual mean ratio, R, shows a remarkable deviation from one since it varies during the day by a factor f ≈ 4. For comparison, the seasonal modulation of the event rate that can be observed under the same assumptions, for the case of a non-directional WIMP detection is only about 8%. Thus, even for this minimal angular resolution, it is confirmed that adding the directional information increases significantly the discovery potential of a WIMP signature.
ReD experiment
In this section, the ReD experiment will be briefly described. The aim of this project is to assess and enhance the directionality of two-phase argon TPC in order to provide an experimental proof for the CR effect. This represents a first fundamental step into the developing of a Dark Matter detector with directional sensitivity.
Initial ReD experiments will be carried out at Università degli Studi di Napoli "Federico II", using a d − d neutron generator delivering monoenergetic neutrons of 2.45 MeV. Fig. 4 shows a schematic drawing of the experiment. LAr-TPC signals from neutron elastic scattering nuclear recoils of energy 10 keV to 200 keV in LAr will be recorded in the LAr-TPC, in coincidence with signals from the scattered neutron interacting in neutron detectors placed at various scattering angles relative to the beam. The coincidence kinematics allow the energy and direction of the nuclear recoils occurring in the LAr target to be precisely known event-by-event, given the beam energy and the scattered neutron angle. As demonstrated in SCENE [7] , the coincidence technique combined with time-of-flight and the Pulse Shape Discrimination capabilities of both the LAr-TPC and the neutron detectors can give a very clean selection of single-scatter neutron elastic events. A directional dependence would manifest itself as a difference in the scintillation and/or ionization response for nuclear recoils of the same energy but different track orientations, selected from data of a single run according to which neutron detector fired. The ReD experimental setup is designed to minimize all neutron interactions other than single scatters in the liquid argon. This is achieved in two ways: by reducing as much as possible the material between the neutron beam and the LAr, and with an innovative structure for the LAr detector which minimizes the presence of inactive volumes.
Preliminary measurements will be performed using a simple neutron detector, in order to chose the most favorable reaction for the ReD purpose and to study the room background, to minimize parasitic interactions which would spoil the global performance. To measure the scattered neutrons the ReD experiment will use an array of liquid scintillator neutron detectors that can measure the neutron scattering angles and the neutron time-of-flight (TOF). In this way, for monochromatic neutrons single-scattered from LAr, the kinematics is fully determined and the 40 Ar recoil energy and direction can be reconstructed, and background from direct neutrons coming from the production target or random coincidences of neutrons with signals in the TPC can be suppressed. The proposed neutron spectrometer is based on 3" liquid scintillator counters from Scionix, using EJ309 liquid scintillator coupled to ET 982B PMTs. These tubes are fast enough to provide accurate TOF with a precision of around 1 ns. These detectors can provide separation between neutron-induced and other signals, by using of pulse shape discrimination, from 1.5 σ to 2 σ. The plan is to use 8 to 10 of such counters in the array, allowing us to record data for different recoil kinematics simultaneously.
Conclusions
In these proceedings, it is discussed how a directional detector located at LNGS could provide a very clear signature for WIMP signal. This signature remains sizeable even for a minimal angular resolution which should be easily obtained by a detector based on columnar recombination. In particular, the daily modulation shown in Fig. 3 is an order of magnitude larger than the annual modulation obtained ignoring the angular information. Thus, a realistic detector able to use the angular information to reject the background would provide a strong and unambiguous evidence of DM, the latter due to the fact that no known background is correlated with the sidereal period of the DM modulation.
